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Abstract 
Lower limb overuse injuries are prevalent in female athletes and can lead to significant 
time lost in participation. Overuse injuries such as stress fractures occur with repeated 
microdamage to bone, ligaments and tendons. Numerous geometric features of bone, including 
bone mineral density (BMD), have been associated with stress fracture risk. While Omega-3 
polyunsaturated fatty acids (PUFAs) have been associated with reducing inflammation, 
increasing BMD, and reducing incidence of osteoporotic fractures in the elderly, no studies have 
addressed the role of Omega-3 PUFAs in reduction of injury risk in young individuals. Studies 
indicate that Omega-3 PUFAs act on cytokines to inhibit osteoclasts while also promoting 
osteoblasts, thereby preventing bone resorption and stimulating bone formation. We examined 
the hypothesis that athletes with higher circulating and dietary levels of Omega-3 PUFAs will 
have higher BMD and a lower history of overuse injuries, including stress fractures, than athletes 
with lower levels of Omega-3 PUFAs. We distributed a food frequency questionnaire (FFQ) 
directed at collecting Omega-3 PUFAs and used dual-energy x-ray absorptiometry to measure 
phalangeal BMD in 125 athletes. Circulatory Omega-3 PUFAs were quantified in red blood cells 
of 23 athletes.  Athletes with a history of overuse injuries had significantly lower percentages of 
circulatory Omega-3 PUFAs (p = 4.33x10
-2
) and significantly lower BMD (p = 2.0x10
-2
) than 
athletes with no history of overuse injury. However, we found no relationship between BMD and 
circulatory Omega-3 PUFAs (r
2 
= 6.2x10
-3
) and were unable to reproduce circulating levels of 
fatty acids with our FFQ. While these data suggest Omega-3 PUFAs may influence bone health 
and injury risk in young athletes, especially those engaged in sports involving repetitive loading, 
the factors influencing bone health in young athletes are complex. Understanding the 
relationships among dietary factors, musculoskeletal health and injury risk is essential to the 
development of prevention strategies for stress fractures and other musculoskeletal injuries.  
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Introduction 
Considerable research has been devoted to identifying risk factors for stress fractures in an 
effort to minimize the occurrence of injury in young athletes and military recruits, however, few 
studies have addressed the role of nutrition, especially fatty acids, in the reduction of injury risk. 
We will examine the relationships among Omega-3 polyunsaturated fatty acids (PUFAs), bone 
mineral density (BMD), and overuse injury risk in female athletes.   
Injuries can be acute or overuse.  Overuse injuries occur over time due to wear and tear on 
the body, most notably during repetitive loading.  The most common lower limb overuse injuries 
in female athletes include knee pain, stress fractures (microtears in bone) and patellar tendonitis 
(Almeida, 1999; Borowski, 2008; Iwamoto, 2008).  Acute injuries occur due to a single event, 
such as a twist, fall, or blow to the knee, in which those highest in frequency include ACL tears, 
ankle sprains (stretched ligament), meniscus injuries, and strains (pulled muscle; Almeida, 1999; 
Borowski, 2008; Iwamoto, 2008).  In a study of a Collegiate Athletic Association Division I 
university over a period of three years conducted by Yang et al., 2012, overuse injuries were 
more prevalent in females than males, in which the highest rates were found among female field 
hockey, soccer, softball and volleyball teams. Compared to acute injuries, overuse injuries 
tended to be more severe and approximately half of all overuse injuries led to time lost in 
participation; in particular, 82.4% of stress fractures contributed to time lost in participation. 
There are several types of fatty acids, including saturated fatty acids (SFAs; hydrocarbon 
tail contains all single bonds), monounsaturated fatty acids (MUFAs; hydrocarbon tail contains 
one double bond), PUFAs (hydrocarbon tail contains at least two double bonds in cis 
conformation), and trans-fatty acids (PUFAs which are naturally in or have been hydrogenated to 
the trans conformation).  There are two major types of PUFAs, Omega-6 and Omega-3, which 
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are known as essential fatty acids (EFAs) because they cannot be synthesized by the body and 
must be acquired through diet.  Omega-6 PUFAs, such as linoleic acid (LA) and arachidonic acid 
(AA), and Omega-3 PUFAs, such as α-linolenic acid (ALA) and parinaric acid, can be acquired 
from liquid vegetable oils, nuts, seeds, butter, meat, poultry, eggs, or fish, in which Omega-3 
PUFAs are present in smaller quantities.  The Institute of Medicine recommends 1.1 g/day of 
dietary Omega-3 PUFAs for females, as deficiencies have been associated with decreased 
cognitive function (Fontani and Migliorini, 2012), which may affect athletic performance.  
Eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA), and docasahexaenoic acid (DHA), 
are also Omega-3 PUFAs which are mostly acquired from fatty fish and have been widely 
associated with benefits such as reducing inflammation (Simopoulous, 2007), mitigating 
atherosclerosis and coronary heart disease (León, et al., 2008; Von Schacky et al., 1999) and 
reducing the risk or severity of osteoporosis (Moon et al., 2012).  It is important to acquire EPA 
and DHA from dietary sources of fatty fish, like salmon and albacore tuna, because the human 
body cannot convert ALA from diet into EPA and DHA in sufficient amounts (Kruger, 2010; 
Salari, 2008).   
Several fatty acids have been studied for their influence on bone health, particularly on 
their role in calcium metabolism, but PUFAs have been most notably examined for their wide 
array of health benefits and their role on bone health for the purposes of reducing osteoporotic 
fracture risk. For example, SFAs have been negatively associated with BMD (Corwin et al., 
2006; Kruger et al., 1998) and have been correlated with decreasing intestinal absorption of 
calcium (Ateh and Leeson, 1984; Coetzer et al., 1994).  Dietary MUFAs may (Martínez-Ramírez 
et al., 2007; Trichopoulou et al., 1997) or may not (Macdonald et al., 2004) be positively 
correlated to bone health, depending on the source of MUFAs (e.g. plant products such as olive 
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oil and vegetable oils versus animal products such as dairy or meat). MUFAs from a 
Mediterranean-like diet that is high plant sources (especially olive oil) have been shown to 
increase bone health and decrease fracture risk (Martínez-Ramírez et al., 2007; Trichopoulou et 
al., 1997).  Olive oil may be beneficial to bone health not only because contains anti-
inflammatory properties (Serrano-Martinez et al., 2005) that exert positive effects on BMD (Puel 
et al., 2006), but also because it contains the MUFA oleic acid, which has been found to increase 
calcium absorption (Ateh and Leeson, 1984).  Although one study found that MUFAs were 
negatively associated with BMD (MacDonald et al., 2004), it is unclear if results were 
influenced by confounding variables.  It is hard to determine the relationships between MUFAs 
and bone health due to limited research. Additionally, no studies similar to those conducted by 
Martínez-Ramirez et al. (2007) and Trichopoulou et al. (1997) have been performed in 
populations in which the majority of MUFAs may be from animal sources rather than from plant 
sources, such as in the American diet. Increased Omega-3 PUFAs have been positively 
correlated with factors important to bone health, like increasing intestinal calcium absorption 
(Coetzer et al., 1994) while decreasing its excretion (Sun et al., 2004; Tulloch et al., 1994) and 
thereby increasing bone strength. Studies show that increased dietary Omega-3 PUFAs 
(Järvinen, et al., 2012; Nawata et al,. 2013; Rousseau et al., 2009; Terano, 2001) and Omega-
3/Omega-6 PUFA ratios may positively affect BMD (Weiss, 2005).  Increasing BMD through 
diet may reduce the incidence of osteoporotic fractures in the elderly. 
Whether an osteoporotic or an overuse fracture, the common feature is microfractures 
that lead to a major injury.  While an osteoporotic fracture occurs in cases of extremely 
decreased BMD, in addition to an event surpassing the maximum tolerable force, such as a fall, 
stress fractures occur due to repetitive microdamage that leads to the formation of large cracks in 
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bone.  Studies have correlated BMD with osteoporotic fractures in the elderly (Blake et al., 2005; 
Jones and Davie, 1998; Fordham et al., 2000; Miller et al., 2002) and also with overuse injuries, 
particularly stress fractures, in female athletes (Bennell et al., 1996; Lauder et al., 2000; 
Myburgh et al., 1990; Schnackenburg et al., 2011) and military recruits (Beck et al., 2000; 
Välimäki et al., 2005).  Additional osteoporotic fracture risk factors include female gender, 
Caucasian race, increased age, menstrual changes (specifically decreased age at menopause), 
decreased calcium and vitamin D intake, high alcohol intake, history of smoking, decreased 
physical activity, and family history of osteopenia or osteoporosis (Chevalley, et al., 1994; 
Dawson-Hughes et al., 1990; Seeman and Allen, 1989).  A study of 3758 female recruits by 
Lappe et al. (2001) discovered that many of the risk factors for osteoporotic fractures may also 
be risk factors for stress fractures in females, such as increased age, menstrual irregularities 
(specifically amenorrhea or late menarche age), decreased calcium and vitamin D intake, history 
of smoking, and decreased physical activity.  Understanding risk factors of osteoporotic fractures 
has helped define many variables that may also be related to stress fracture and overuse injury 
risk in a younger population, however, we lack a clear understanding of predicting overuse injury 
risk in female athletes, rendering it necessary to evaluate additional mechanisms that may 
contribute to injuries in young populations.  
Microdamage caused by repetitive loading induces bone remodeling, which reshapes and 
repairs damaged bone to prevent major damage such as injury (Martin, 1998). Compared to 
inactive controls, female athletes in most weight-bearing sports, e.g. volleyball and track, have 
increased lower limb BMD (Bloomfield, et al., 1993; Fehling et al., 1995; Heinonen et al., 1996; 
Snow-Harter et al., 1992; Taaffe et al., 1995) or accompanied increased lumbar spinal BMD 
(Bloomfield, et al., 1993; Heinonen et al., 1996; Snow-Harter et al., 1992; Taaffe et al., 1995).  
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However, repetitive microdamage to bone during repetitive loading in weight-bearing sports can 
also lead to stress fractures resulting from overloading and decreased BMD (Schnackenburg et 
al., 2011).  Studies have found lower BMD in cross country or long distance runners compared 
to other load-bearing sports (Mudd, 2007) and that stress fracture prevalence is highest among 
those who participate in cross country running (Field et al., 2011). Continual repetitive loading 
in weight-bearing exercise, specifically in female runners and military athletes, may reduce 
bone-related benefits of exercise compared to other weight-bearing sports where overloading 
may not be a problem.  
Remodeling occurs through the combined mechanisms of osteoclasts and osteoblasts 
through activation, bone resorption, and bone formation (Martin, 1998).  While osteoclasts break 
down bone during bone resorption, osteoblasts build bone during both growth and repair (Martin, 
1998).  Omega-3 PUFAs increase BMD by inhibiting osteoclasts
 
(Sun et al., 2003) while also 
promoting osteoblasts (Bhattacharya, 2005), which produce bone and osteoprotegerin (OPG).  
OPG is a soluble cytokine that competes with receptor activator of nuclear factor kappa-B ligand 
(RANKL; Bhattacharya et al., 2005; Simonet et al., 1997), a surface molecule of osteoblasts, for 
regulation of receptor activator of nuclear factor kappa-B (RANK), a surface molecule of 
osteoclasts.  When bound to RANK, OPG inhibits osteoclastic activity while RANKL initiates 
osteoclastic activity and bone resorption; increased RANKL has been correlated with decreased 
BMD (Sun et al., 2003; Bhattacharya et al., 2005).  Omega-3 PUFAs may upregulate OPG 
(Byattacharya, et al., 2005) and also reduce secretion of TNF-α from osteoclastic precursors 
(Baek and Park, 2013; Skuladottir, et al., 2007; Sun et al., 2004).  TNF-α is an inflammatory 
factor which promotes osteoclastic activity through synergy with RANKL (Lam et al., 2000). 
Through these mechanisms, bone resorption may be decreased during bone remodeling in the 
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presence of Omega-3 PUFAs, which may be helpful for injury prevention, especially in cases of 
repetitive loading.  
Figure 1. Overview of mechanisms involved in regulating osteoblastic activity and osteoclastic 
activity of bone remodeling.  When bound to RANKL, RANK promotes osteoclastic activity, 
where TNF-α works in synergy with RANKL.  When bound to OPG, RANK promotes 
osteoblastic activity.  
There is limited research addressing the relationship among fatty acids, BMD, and stress 
fractures in young athletes and military recruits where the incidence of such injuries is 
particularly high, especially among women (Iwamoto, 2003; Macleod, 1999).  Many factors have 
been associated with bone health and injury risk in female athletes, including hormonal 
fluctuations or menstrual irregularities (Bennell et al., 1997; Lappe et al.,2001; Nattiv et al., 
2000) and including diet, which may be a factor that could be controlled by an athlete. Studies 
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suggest positive influences of vitamin D and calcium intake on BMD and injury reduction 
(Lappe et al., 2001), however, there are only a few studies that examine the role of Omega-3 
PUFAs on BMD in a younger and athletic population.  Damsgaard et al. (2012) found that fish 
oil supplementation of six weeks had no significant impact on BMD in adolescent boys and 
Eriksson, Mellström, and Strandvik (2009) found only a weak, but significant, negative 
association between ALA and BMD.  However, Hogström, Nordström P, and Nordström A 
(2007) found that Omega-3 PUFA intake was positively associated with BMD in healthy men, 
ages 22-24 years.  None of these studies assessed Omega-3 status in females athletes and the 
minimal and conflicting data available on Omega-3 PUFAs and BMD in a younger population 
represents a gap in the literature. 
We seek to determine whether increased Omega-3 PUFAs positively affect BMD in young 
female athletes and subsequently reduce the risk of overuse injuries. We hypothesize that female 
athletes who have high dietary and circulating Omega-3 PUFAs will have higher BMD and a 
lower history of overuse injuries, including stress fractures, compared to female athletes with 
low circulating and dietary Omega-3 PUFAs.  We predict the following (Figure 2): 
1. Female athletes with increased dietary Omega-3 PUFAs will have increased circulatory 
Omega-3 PUFA levels. 
2. Female athletes with increased dietary or circulatory Omega-3 PUFAs will have 
increased BMD. 
3. Female athletes with increased BMD will be less likely to have had an overuse injury. 
4. Female athletes with increased dietary Omega-3 PUFAs will have decreased incidence of 
overuse injury. 
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Figure 2.  Overview of predictions; numbers correlate with the four predictions previously 
listed. We expect that females with increased dietary Omega-3 PUFAs would have increased 
circulatory Omega-3 PUFAs.  We also predict that females with increased Omega-3 PUFAs will 
have increased BMD as well as decreased incidence of overuse injury. 
 14 
Methods 
Subjects 
 We selected females who were a part of an organized sport at James Madison University 
to participate in this study.  Subjects consisted of 125 females, ages 18-22 (19.4 ± 1.2 years), 
from the women’s basketball (n = 10), golf (n = 9), track and field (n = 23), cross country  
(n = 21), lacrosse (n = 25), volleyball (n = 9), softball (n = 21), club rugby (n=6), and tennis  
(n = 1) teams.  All participants gave written informed consent and answered questionnaires on 
history of  injuries, deficiencies, menstrual irregularities and dietary intake.  We collected BMD 
measurements on all subjects and drew blood for fatty acid analysis in 23 subjects.  This study 
was approved by the Institutional Review Board for Human Research at James Madison 
University. 
 At the time of consent, JMU athletic trainers and athletic training students measured 
height in inches and weight in pounds, without shoes.  We calculated body mass index (BMI;  
23 ± 3.3 kg/m
2
) by dividing body weight (kg) by body height (m) squared (Table 1). 
Table 1.  Summary of sport categories defined for this study in addition to anthropometric data, 
shown as mean ± one standard deviation. 
Sport Category Sports Included Height (m) Weight (kg) BMI (kg/m
2
) 
Cross country running 
sports 
Cross country 1.7 ± 0.07 58 ± 7.4 21 ± 2.0 
Court running sports Basketball 1.8 ± 0.09 70 ± 7.4 22 ± 1.6 
Golf, field, and tennis 
sports 
Golf, field (shotput 
and discus), and tennis 
1.7 ± 0.08 72 ± 17 24 ± 4.9 
Intermittent running and 
jumping sports 
Softball and volleyball 1.7 ± 0.07 71 ± 9.9 24 ± 3.2 
Field running sports Rugby and lacrosse 1.7 ± 0.05 65 ± 8.1 24 ± 3.3 
Track running sports Track 1.7 ± 0.06 62 ± 6.8 22 ± 2.1 
Mean -- 1.7 ± 0.1 66 ± 11 23 ± 3.3 
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Bone Mineral Density Measurements 
 We used a portable dual-energy X-ray absorptiometry (DXA) machine, accuDEXA 
(Schick Technologies, Inc., Island City, NY), to measure BMD (g/cm
2
) of the middle phalanx of 
the third finger on the nondominant hand unless injury had occurred in the third finger, in which 
we used the other hand.  BMD has been shown to be significantly higher in the dominant versus 
the nondominant hand (Jones and Davie, 1998), likely due to increased use.  We used BMD in 
this study because it has been correlated with whole bone strength (Sievänen, 2000).  DXA also 
measures both cortical and trabecular bone, in which trabecular bone has a higher turnover rate 
compared to cortical bone (Carbon, 1992).  Trabecular bone can be influenced by more recent 
changes in diet or exercise compared to cortical bone and therefore, DXA readings may also be 
sensitive to such changes. Additionally, phalangeal BMD has been associated with hip and spinal 
BMD (Patel et al., 2010) which are significant indicators of total BMD.   While phalangeal BMD 
has been used in limited studies, it is much more time- and cost-efficient and also less invasive 
than measuring total BMD. 
Questionnaires 
Using a history questionnaire, we gathered information from each participant about 
possible covariates of BMD, including sport, any previous injuries, and individual history of 
vitamin deficiencies, osteopenia, oral contraceptive use and first menarche age (13 ± 1.5 years; 
Appendix 1). We assessed dietary intake of Omega-3 PUFAs using a 36-item food frequency 
questionnaire (FFQ) containing foods with Omega-3 PUFAs, e.g. fatty fish, nuts, oils, and meat 
(Appendices 2 and 3), as dietary Omega-3 PUFA intake influences circulatory Omega-3 PUFAs 
(Brasitus et al., 1995). 
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Determining dietary intake can be difficult and no matter the form of assessment 
including a FFQ, dietary journal, or three-day recall, some sort of bias is present, e.g. under-
reporting or misinterpretation of portion sizes.  We used a FFQ because it is the most time-
efficient method and it evaluates a participant’s dietary habits over an extended period of time; a 
three-day recall or 24-hour questionnaire is more likely to miss large sources of Omega-3 
PUFAs, like fatty fish, which are recommended to be eaten only twice a week. 
 We used the Nutrition Data System for Research (NDSR) from the University of 
Minnesota to identify quantities of five Omega-3 PUFAs in one serving of every food item.  
NDSR has been developed and is maintained on the basis of various publications containing 
standardized procedures for quantification of dietary information with minimal missing nutrient 
values (Dennis et al., 1980; Schakel et al., 1988; Schakel et al., 1997).  The Omega-3 PUFAs 
had to be differentiated from the Omega-6 PUFA component for nutritional values in NDSR.  
PUFAs that have the same number of carbons and double bonds can be Omega-3 or Omega-6 
depending on the carbon number that double bonds begin.  The double bonds in Omega-3 
PUFAs begin on the third carbon from the end of the hydrocarbon tail, whereas the double bonds 
in Omega-6 PUFAs begin on the sixth carbon from the end of the hydrocarbon tail.  However,  
α-linolenic acid (ALA; PUFA 18:3n-3) was not completely differentiated from the Omega-6 
counterpart, so we observed slightly elevated values for this Omega-3 PUFA and thus, also for 
total dietary Omega-3 PUFAs.  The other four PUFAs in NDSR that had been differentiated for 
the Omega-3 PUFA component included parinaric acid (PUFA 18:4n-3), eicosapentaenoic acid 
(EPA; PUFA 20:5n-3); docosapentaenoic acid (DPA; PUFA 22:5n-3), and docosahexaenoic acid 
(DHA; PUFA 22:6n-3).   
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We multiplied values of each PUFA found within one serving of each food by the 
number of servings per year of that food item for each subject to calculate average daily values 
(Appendices 2 and 3).  For those who reported use of fish oil supplements (n = 7), we used EPA 
and DHA quantities listed on the nutrient labels for each brand of supplement as these values are 
highly variable by brand and because it is possible for supplements to make up the majority of 
one’s Omega-3 PUFA intake. We calculated an average daily level for each of the five Omega-3 
PUFAs for every subject and also totaled these five average daily Omega-3 PUFA levels to find 
the total average daily intake of Omega-3 PUFAs for each subject. However, because parinaric 
acid was not included in in the circulatory results, statistical analyses excluded parinaric acid. 
Fatty Acid Analysis 
We collected blood from 23 subjects and immediately centrifuged samples at 1000 
revolutions per minute (RPM) for eight minutes in ethylenediaminetetraacetic acid (EDTA) 
tubes using the Centra CL2 centrifuge (Thermo Scientific International Equipment Company, 
Needham, MA). We isolated plasma from red blood cells (RBCs) and stored plasma samples in 
Eppendorf tubes at -80°F.  RBCs were stored in EDTA tubes at -80°F until shipped to 
OmegaQuant, Sioux Falls, SD for analysis of 24 fatty acids using gas chromatography. Gas 
chromatography followed procedures from Harris Scientific, Inc. (2011), which were developed 
from Morrison and Smith (1964).  RBCs were measured because they are a better predictor of 
long-term dietary intake of Omega-3 PUFAs than plasma (Dougherty et al, 1987).   
Statistical Analysis 
We used regression analyses to evaluate the relationship between circulatory Omega-3 
PUFAs and dietary Omega-3 PUFAs as well as circulatory Omega-3 PUFAs with BMD.  We 
used one-tailed Student’s t-tests to determine whether BMD or circulatory Omega-3 PUFAs 
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were significantly decreased or increased in individuals with overuse injuries.  We also used 
power analysis for the Student’s t-test to determine if our sample size was large enough to detect 
a difference in means of BMD between those who had history of an overuse injury and of those 
who had no history.  Additionally, we used Chi-square analysis to examine if the number athletes 
who ever had an overuse injury was different among sport categories as well as an Analysis of 
Variance (ANOVA) with Tukeys HSD test to compare differences in BMD among each sport 
category. 
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Results 
 In this study, 48% (60 of 125) of athletes had a history of at least one acute injury, 
whereas 30% (n = 38) had a history of at least one overuse injury.  Of the 30% who have had at 
least one overuse injury, 34% (n = 13) have had tibial/fibular stress fractures, 26% have 
experienced shin splints (n = 10), and 16% have had knee tendonitis (n = 6; Table 2).  The 
proportions of individuals who had at least one overuse injury were significantly different among 
each sport category (p = 4.6 x10
-4
, Figure 3).  The highest proportion and number of athletes who 
have suffered an overuse injury were found in the cross country running sports, whereas the 
fewest athletes with overuse injury were found in the field, golf and tennis sports (Figure 3).  The 
proportions of athletes who had at least one acute injury were not significantly different than 
expected across all sports categories (p = 2.9x10
-1
, Figure 4).  The highest frequency and amount 
of individuals with history of acute injury was in the intermittent running and jumping sports 
(softball and volleyball), and the lowest frequency was again in the field, golf, and tennis sports 
category (Figure 4). 
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Figure 3.  Incidence of at least one overuse injury (%) within each division of sport category.  
Overuse injury frequency was significantly different across sport categories (Chi-square,  
p = 4.6x10
-4
). 
 
 
Figure 4.  Incidence of at least one acute injury (%) within each sport category.  Acute injury 
frequency was not significantly different across sport categories (Chi-square, 2.9x10
-1
). 
 
Using the FFQ, we measured absolute amounts of dietary Omega-3 PUFA for 36 food items.  
The average dietary, daily intake of Omega-3 PUFAs among our subjects was 1.4 ± 1.1g  
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(Table 2).  The most common sources of dietary Omega-3 PUFAs among all participants came 
from chicken, butter and turkey. The largest percentage of Omega-3 PUFAs in individual 
subjects’ diets came from vegetable oil, fish oil supplements, and chicken. 
Table 2.  Mean daily Omega-3 PUFA intake (g) of all participants ± one standard deviation. 
Omega-3 PUFA    Average g/day 
18:3  α-linolenic acid 1.2 ± 1.0 
18:4  parinaric acid 1.6x10
-2
 ± 1.4 x10
-2
 
20:5  EPA 7.5x10
-2
 ± 1.2 x10
-1
 
22:5  DPA     10 ± 6.2 x10
-2
 
22:6  DHA 1.4 x10
-1
 ± 1.1 x10
-1
 
Mean of total Omega-3 PUFAs 1.4 ± 1.1 
 
 We first examined the extent that the FFQ accurately reflected circulating Omega-3 
PUFA values.  We then examined the effects of circulating levels of Omega-3 PUFA values to 
factors of BMD in this study (Omega-3 PUFAs and sport category) before observing how all of 
these factors may contribute to injury risk. 
There was no relationship between total dietary (collected from the FFQ) and total 
circulatory (measured as a percentage of RBCs) Omega-3 PUFA levels (R
2 
= 6.7x10
-5
,  
p = 6.36x10
-8
, Figure 5).  Regression analysis also revealed no significant relationships between 
dietary and circulatory values of any single Omega-3 PUFA (e.g. dietary ALA compared to 
circulatory ALA; R
2 
< 1.0x10
-2
 for all regressions).  All further analyses were based only on 
circulatory Omega-3 PUFAs because we found no significant relationships between dietary and 
circulatory Omega-3 PUFAs. 
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Figure 5.  Regression of total dietary Omega-3 PUFAs (g/day) against total circulatory Omega-3 
PUFAs (% RBCs) showed no correlation, R
2 
= 6.7x10
-5
, p = 6.36x10
-8
. 
 
Determinants of Bone Mineral Density 
The average phalangeal BMD in this study was 5.42 x10
-1
 ± 5.33 x10
-1
 g/cm
2
.  Most 
athletes had similar BMD except court running sports and cross country running sports. The 
mean BMD in court running sports was significantly higher than in cross country running sports, 
field running sports, and intermittent running and jumping sports (p < 0.05; Figure 6, Table 2).   
Women’s cross country running sports had significantly lower BMD than court running sports, 
but also in intermittent running and jumping sports, track running sports, and the field, golf and 
tennis sports category (p < 0.05; Figure 6, Table 2).  There was no significant relationship 
between BMD and total circulatory Omega-3 PUFAs (R
2
= 6.2x10
-3
, p = 7.2x10
-1
; Figure 7). 
Table 2. Mean BMD (g/cm
2
) ± one standard deviation across all sport categories.  
Sport categories BMD (g/cm
2
) 
Court running sports 5.97x10
-1
 ± 5.95x10
-2
 
Field, golf and tennis sports 5.58 x10
-1
 ± 5.10x10
-2
 
Track running sports 5.57 x10
-1
 ± 6.63x10
-2
 
Intermittent running and jumping sports 5.43 x10
-1
 ± 5.03x10
-2
 
Field running sports 5.33 x10
-1
 ± 5.03x10
-2
 
Cross country running sports 5.09 x10
-1
 ± 4.69x10
-2
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Figure 6.  Mean BMD (g/cm
2
) in all sport categories + one standard deviation.  All pairs Tukeys 
HSD test showed court running sports had significantly higher mean BMD and cross country 
running sports had significantly lower mean BMD than other sport categories as described in text 
(p < 0.05). 
 
 
Figure 7.  Regression of BMD (g/cm
2
) against total circulatory Omega-3 PUFAs (% RBCs) 
showed no correlation, R
2
 = 6.2x10
-3
, p = 7.2x10
-1
. 
 
Due to concern of different training regimens in the category containing field, golf and 
tennis sports category compared to the other categories, we also ran most analyses without this 
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group.  We found no significant differences in any results, with or without the field, golf, and 
tennis sports category, and therefore, all results include this category. 
Determinants of Injury Risk 
The mean BMD in those who had no history of an overuse injury (5.49 x10
-1
 ±  
5.9 x10
-2
 g/cm
2
) was significantly higher than in those who had a history of an overuse injury 
(5.29 x10
-1
 ± 4.6x10
-2
 g/cm
2
; p = 2.0x10
-2
; Figure 8).  Although the difference between the 
means is small, power analysis showed that with 95% confidence, we would be able to detect a 
difference in BMD among those who had no history (n needed  ≥ 16; n = 38)  and those who did 
have history of overuse injury (n needed  ≥ 35; n = 87).  
 
Figure 8.  Mean BMD (g/cm
2
) + one standard deviation within overuse injury groups.  In a one-
tailed Student’s t-test, p = 2.0x10-2.  
 
Circulatory Omega-3 PUFAs appear to be a significant indicator of overuse injuries.  The 
mean of total circulatory Omega-3 PUFAs was significantly higher in those who had a history of 
overuse injury than in those who had no history of overuse injury (p = 4.33x10
-2
; Figure 9). 
However, it could be possible that the individuals who have reduced injury rates also happen to 
take fish oil supplements, therefore influencing the relationship.  The mean of all circulatory 
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Omega-3 PUFAs in subjects taking fish oil supplements (n=3, no history overuse injuries) was 
8.04 ± 7.88x10
-3
%.  In subjects not taking fish oil supplements (n=20; n =12 for those with no 
history of overuse injuries), the mean of total circulatory Omega-3 PUFAs was 5.73 ±  
7.93x10
-3
%). 
 
Figure 9.  Mean circulatory total Omega-3 PUFAs (% RBCs) between those who have never had 
an overuse injury and those who had at least one + one standard deviation. A one-tailed 
Student’s t-test showed circulatory Omega-3 PUFAs are significantly higher in those who never 
had an overuse injury compared to those who had (p = 4.33x10
-2
). 
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Discussion 
 The goal of this study is to identify dietary risk factors of overuse injuries in female 
athletes, as the incidence of overuse injuries is particularly high in female athletes and military 
recruits and dietary factors can be easily manipulated.  Diet, especially calcium (Dawson-Hughes 
et al., 1990) and vitamin D, has been shown to be crucial in bone health and preventing 
osteoporotic fractures in the elderly (Chevalley et al.,1994; Sairanen et al., 2000) as well as 
overuse injuries in athletes (Myburgh et al., 1990; Nieves et al, 2010) and military recruits 
(Lappe et al., 2008).  Fats are less understood, however, Omega-3 PUFAs appear to be related to 
bone health (Järvinen, et al., 2012; Nawata et al,. 2013; Rousseau et al., 2009; Terano, 2001) and 
fracture prevention in the elderly (Orchard et al., 2013).  Because no studies have examined the 
roles of Omega-3 PUFAs on phalangeal BMD in overuse injury risk, we studied these 
relationships in female collegiate athletes. 
 In this study, sport category and circulatory Omega-3 PUFAs appeared to be significant 
indicators of overuse injury risk, whereas sport category and history of overuse injuries were 
significantly related to BMD.  We will first discuss how sport category may influence BMD and 
how BMD may play a role in injury prevention before examining how Omega-3 PUFAs 
influence overuse injury risk and musculoskeletal health.  We will end in discussion of Omega-3 
PUFA levels collected in the FFQ compared to circulatory Omega-3 PUFAs. were consequently 
not directly tested in any other analyses.  This poor relationship may have resulted from 
shortcomings in the evaluation of dietary Omega-3 PUFAs, in which were not related and factors 
and suggestions for improvement will also be discussed. 
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Bone Mineral Density 
Specific BMD locations have been related to osteoporotic fracture risk in the elderly and 
may be a stepping stone for relating BMD in various, easily measured locations to overuse 
injuries in younger populations.  For instance, hip or spinal BMD (Fordham et al., 2000; Miller 
et al., 2002) and more importantly, BMD at peripheral sites (e.g. finger, hand, wrist, heel, tibia, 
etc.; Blake et al., 2005; Jones and Davie, 1998; Miller et al., 2002) have been correlated with 
osteoporotic fractures.  Phalangeal BMD has been used in very few studies, but has been 
correlated with spinal and hip BMD (Patel et al., 2010), the most direct locations for assessing 
osteoporotic fracture risk in the elderly. This is the first study seeking whether phalangeal BMD 
can be related to overuse injuries in a younger, athletic population as opposed to osteoporotic 
fractures in the elderly.  We found a significant, negative relationship between phalangeal BMD 
and overuse injuries, particularly in cross country running sports, who had the highest rate of 
individuals who had ever had an overuse injury and who also had the lowest mean phalangeal 
BMD (Figures 3 and 6).   
Research shows that sport type can affect BMD differently, e.g. weight-bearing sports 
tend to increase BMD, thus, sport category may be a confounding variable that we must account 
for when assessing circulatory Omega-3 PUFAs on BMD status.  Court running sports had 
significantly higher phalangeal BMD than cross country running sports.  It is possible that 
measurement of phalangeal BMD introduced a bias toward increased BMD in court running 
sports who have increased distal hand use compared to the other athletes, except for track 
running sports and the field, golf, and tennis sports category (Table 2; Figure 6).  On the other 
hand, cross country running sports had significantly lower BMD than all other sport categories, 
except for field running sports, agreeing with other studies that repetitive loading may negatively 
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affect bone health (Mudd, 2007; Table 2; Figure 6).  If recurring microdamage repeatedly 
promotes initial stages of the bone formation process (resorption) without completing bone 
formation, BMD lost during resorption cannot be recovered.  We found no other significant 
differences in BMD among the remaining sport categories (track running sports, intermittent 
running and jumping sports, field running sports, and the field, golf and tennis sports category), 
however, the other sport categories had significantly different rates of overuse injury prevalence 
(Figure 3). Thus, our results may mean that athletes in the other sport categories may experience 
rigorous training that leads to the formation of microtears that may not severely compromise 
BMD enough to measure any significant differences.  However, these microtears, in combination 
with total musculoskeletal health (which can affected by other external factors such as fatigue, 
inflammation, or diet, including the status of circulatory Omega-3 PUFAs), may lead to the 
significantly different overuse injury rates among sport categories.  
Our results suggest that excessive repetitive loading in young female athletes may 
negatively affect BMD resulting in increased injury risk (Figure 3).  Additionally, our results 
suggest that because BMD was negatively associated with overuse injuries, but BMD was not 
significantly different among most sport categories although the prevalence of overuse injuries 
was, then phalangeal BMD alone may be a significant indicator of total BMD and risk for 
overuse injuries only in cases of extremely decreased BMD.  Therefore, several factors may 
influence the development of overuse injuries in a young population in addition to BMD and 
exercise regimen (particularly repetitive loading), including musculoskeletal health and diet 
(Omega-3 PUFAs).  
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Omega-3 Polyunsaturated Fatty Acids 
Our results did not support a relationship between circulatory Omega-3 PUFAs and BMD 
in collegiate female athletes in this study (Figure 7).  However, based on previous studies, 
Omega-3 PUFAs may be crucial in regulating bone health and also preventing injuries during 
extreme cases of decreased BMD, as in osteoporosis in the elderly (Orchard et al., 2013) and in 
repetitive loading in female cross country running sports.  Thus, Omega-3 PUFAs may play a 
larger role in bone health in persons with compromised BMD than in athletes who 1) most likely 
have not experienced major losses in BMD and who 2) also encounter loading which promotes 
increased BMD.  It is likely that hormonal regulation of BMD is interrupted in the elderly, 
potentially through increased inflammation and free radicals. Inflammation increases during 
aging.  Specifically, the cytokine (a hormone) interleukin-6 (IL-6), has been shown to have 
increased production during inflammatory responses in the elderly (Bouchlaka et al., 2010).   
IL-6 is also a part of the inflammatory process during exercise (Da Silva et al., 2013) and is 
released by osteoblasts (Ishimi et al., 1990) to promote osteoclastogenesis (Figure 1; Kurihara et 
al., 1990). Omega-3 PUFAs have been shown to reduce osteoclastic activity indirectly by 
inhibiting IL-6 (Baghai et al., 2010) and thus, Omega-3 PUFAs may aid potentially 
compromised cytokine regulation in the elderly to promote bone health.  We found that increased 
levels of Omega-3 PUFAs were associated with decreased risk of overuse injury (Figure 9), but 
not increased BMD (Figure 7). Our results may suggest that the role of Omega-3 PUFAs on 
regulating inflammation in favor of improved bone health may also apply to cases of repetitive 
loading, such as in cross country running sports. Therefore, Omega-3 PUFAs may also regulate 
other factors involved in musculoskeletal health, in addition to BMD, in favor of injury 
prevention.   
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The relationship between circulatory Omega-3 PUFAs and injury prevention may have been 
influenced by fish oil supplementation in this study, in which the three participants who took fish 
oil supplements had no history of overuse injury.  EPA and DHA, which are found in fish oil, are 
well known for their anti-inflammatory effects. An inflammatory response occurs as a result of 
infection or trauma.  While trauma may include an acute injury, like a stress or osteoporotic 
fracture, it may also include rigorous exercise, like repetitive loading.  The inflammation process 
heals damaged tissue by breaking down the damaged tissue and removing debris while 
promoting factors that aid in tissue repair.  Thus, regulatory factors, both pro-inflammatory and 
anti-inflammatory, are necessary to maintain tissue health.  Otherwise, either excessive (or 
chronic) inflammation or absence of inflammation can lead to damage.  Chronic inflammation 
can lead to excessive breakdown of or become toxic to (through presence of toxic molecules 
related to oxidative stress, e.g. superoxide, hydrogen peroxide, etc.) tissues such as tendon, bone, 
and muscle, causing damage, weakness, and overuse injuries. Likewise, no inflammation 
whatsoever would not allow any healing of the initial trauma.   
Although high cumulative doses of exercise have been shown to induce anti-inflammatory 
effects (Ji et al., 2006), acute (McAnulty, et al., 2005) or rigorous exercise (Armstrong, et al., 
2001; McAnulty, et al., 2010) has been found to increase oxidative stress and consequently, free-
radical damage.  Specifically, reactive oxygen species (ROS) and reactive nitrogen species 
(RNS) present from oxidative stress can contribute to muscle fatigue (Ferreira and Reid, 2008) 
which can negatively affect bone health by reducing tolerance to impact (Clansey, 2012), and 
more specifically, increasing risk for stress fractures.  While there are mixed results in human 
studies (due to variations in subject gender or sport, intensity and duration of activity, as well as 
amount of Omega-3 PUFAs supplemented), animal studies have been more conclusive in how 
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Omega-3 PUFAs may aid in regulating multiple inflammatory pathways and cytokines in favor 
improving bone, muscle, and even tendon health.  Omega-3 PUFAs have been shown to reduce 
oxygen free radicals (Simopoulous, 2007; muscle health) and to regulate cytokines including 
TNF-α, RANKL, and OPG in favor of upregulating osteoblastogenesis while downregulating 
osteoclastogenesis (bone health), where decreased TNF-α may also play a role in decreasing 
major tendon injuries due to inflammation (Scott, 2013). 
It is possible that when the effects of Omega-3 PUFAs on bone, muscle, and tendon health 
are combined, overall risk of overuse injuries may be decreased in athletes who participate in 
beneficial weight-bearing exercise and whose BMD is not severely compromised.  Research in 
these areas is early in development and further studies are needed to investigate such 
relationships that may assess:  1) phalangeal, tibial, hip, and spinal BMD; 2) dietary and 
circulatory measurements of Omega-3 PUFAs and other elements associated with BMD, like 
vitamin D and calcium; as well as 3) injury rates among large populations, including those prone 
to overuse injuries (e.g. female distance runners and military recruits), and compared to large 
populations with low incidences of overuse injuries, such as volleyball and softball players.  
Additionally, vital inflammatory factors that influence musculoskeletal health could also be 
measured for comparisons, including by-products of TNF-α, RANKL, OPG, or ROS. 
Dietary and Circulatory Omega-3 PUFA Levels 
Omega-3 PUFAs collected from the FFQ were not significantly correlated with 
circulatory Omega-3 PUFA levels (Figure 5).  Seventeen of the participants completed two FFQs 
and there were no significant differences in the dietary Omega-3 PUFA levels collected from 
these subjects at different times, anywhere from two to six months apart.  Because NDSR did not 
completely differentiate ALA for the Omega-3 component, it is possible that this elevated value 
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may have contributed to our insignificant results. We were not able to collect Omega-6 PUFAs 
and therefore did not assess Omega-6 PUFAs in this study for methodological reasons. 
Future Studies 
A sample size larger than 125 participants and in one sport category in a future study may 
reveal significant relationships, especially between BMD and Omega-3 PUFAs or sport 
category.  Additionally, a larger sample size may better represent each sport category for such 
analyses, especially golf, field, and tennis sports. 
Measuring phalangeal BMD may be an inexpensive, noninvasive, and portable method of 
predicting fracture risk for the purpose of preventative actions. Use of inactive controls may help 
determine whether athletes in each sport category have similar BMD which is elevated compared 
to inactive participants.  Such a finding may explain how some studies have recorded that the 
relative risk associated with phalangeal BMD and osteoporotic fractures may only predict 
osteoporotic fractures when BMD is extremely low, but not when BMD is only slightly lower 
than that of the average population.  Furthermore, because phalangeal BMD has not been studied 
as a direct indicator for lower limb overuse injuries, measuring both phalangeal and lower limb 
BMD may elucidate the association among phalangeal BMD and injuries. 
Capturing true dietary intake of any food, but particularly fatty acids, can be difficult, 
especially in collegiate athletes who are likely not aware of everything they eat nor how much.  
Because there were no significant differences in the measurements of dietary Omega-3 PUFAs 
between the two questionnaires completed by the same participants, but measurements were not 
significantly related to circulatory levels (Figure 5), we believe that the participants answered 
both questionnaires similarly, but not accurately.  Providing more detailed explanations about:  
1) the purpose of the questionnaire; 2) the foods involved; 3) the serving sizes of each food 
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group using 3D models instead of pictorial comparisons (e.g. instead of saying a deck of cards is 
the approximate size of three ounces of meat, have a deck of cards for subjects to see); as well as 
4) real life comparisons (a Wendy’s burger is about three ounces of beef) could aid in of 
validation of this FFQ in the future.  Additionally, the simple adjustment of increasing the 
contrast between the rows of food items may increase readability and limit errors in skipped 
rows. To strengthen any findings, future studies could also quantify calcium and vitamin D 
intake or supplement use so that these confounding variables can be controlled; they have been 
widely associated with bone health and may implicate any data related to musculoskeletal health.   
Studies that capture true dietary intake and that elucidate the wide array of dietary influences in 
musculoskeletal health can lead to overall increased health and performance in athletes. 
Conclusion 
Increased circulatory Omega-3 PUFAs and BMD were significantly related to decreased 
risk of experiencing at least one overuse injury. Omega-3 PUFAs were not related to BMD, 
suggesting Omega-3 PUFAs may play a larger role in improving musculoskeletal health to 
reduce injury risk.  BMD was significantly higher in court running sports and significant lower in 
cross country running sports compared to other sports, indicating that the type and amount of 
load may influence the relationship between BMD and overuse injuries.  Measuring phalangeal 
BMD using a portable accuDEXA increases flexibility to facilitate further studies and is also 
non-invasive and quick.  However, truly clarifying overuse injury risk in athletes may require 
analyses of not only phalangeal BMD, but also diet and supplements with heavy consideration of 
confounding variables, particularly sport category and musculoskeletal health.  Developing a 
standardized analysis that considers all mentioned variables may be pivotal for creating a time- 
and cost-efficient method of assessing injury risk.  Research in establishing such a standardized 
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method would allow us to gain a holistic knowledge of injury risk in each individual athlete, in 
turn leading us to vital preventative measures that could improve short- and long-term health of 
young athletes including improved musculoskeletal health and reduction of injury and time lost 
in participation.   
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Appendix 1 – Participant Questionnaire 
Thank you for volunteering to participate in this study! The study in which you are about to 
participate is designed to investigate the effect of fatty acid content and bone mineral density on 
stress fractures. If at any time you have questions or concerns, please ask one of the researchers 
and we would be happy to answer your questions.  
 
 
RESEARCHER USE ONLY 
Date: _____________ 
 
Subject #: __________  Height:  _______ inches       Weight:  _______ pounds 
 
 
 
BMC:  _________ BMD:  _________ t-score:  _________  z-score:  _________  
 
Analysis:  _________ 
 
 
 
Please answer each question to the best of your ability: 
 
 
1. Sport: 
 
 
2. Please list any lower limb injuries or surgeries you have ever had and how many: 
 
 
 
 
 
3. Does anyone in your family have a history of osteopenia or osteoporosis?  
(circle one)           Y             N 
 
 
Subject #:  ______ 
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4. Do you have a history of  (circle all that apply):  
a. Vitamin D deficiency 
b. Calcium deficiency 
c. Osteopenia 
d. Eating disorders 
e. Obesity  
  
6. Are you currently taking oral contraceptives? (circle one)  Y N 
 
 
7. What age were you when had your first menstruation? 
 
 
8. Are you amenorrheaic (not menstruating/menstruating infrequently)?   
              (circle one)       Y         N  
 
 
 
 
 
______________________________________________________________________________ 
 
 
Are you willing to participate in the fatty acid analysis (blood draw)?   Y ____   N____ 
 
If so, please answer the following questions: 
 
 
Name:  _________________________________  Subject #:  ________ 
 
 
Contact Information: 
 
JMU e-mail:  _________________________________ 
 
Best phone number to reach you:  _______________________ 
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 Appendix 2 – Food Frequency Questionnaire for Fatty Acid Content  
Please mark the box that best fits.  If asked for the number of servings in a category, please 
specify the number.  Serving size is listed under each category—refer to the guide for serving 
sizes to better estimate number of servings.   
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Appendix 3 – Serving Sizes 
          3 oz. fish = checkbook      3 oz. meat = deck of cards 
 
 
 
 
 
 
 
 
 
             
  
      
½ cup = light bulb       1 oz. = 2 tbsp. = golf ball 
      
 
 
          
              
                  2 dominoes = 1oz. cheese 
 
        
 
 
                1 tbsp. = poker chip 
1 tbsp. = poker chip 
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